Since the late 1990s, lakes in the southern Tibetan Plateau (TP) have shrunk considerably, which contrasts with the rapid expansion of lakes in the interior TP. Although these spatial trends have been well documented, the underlying hydroclimatic mechanisms are not well understood. Since 2013, we have carried out comprehensive water budget observations at Paiku Co, an alpine lake in the central Himalayas. In this study, we investigate water storage and lake level changes on seasonal to decadal time scales based on extensive in-situ measurements and satellite observations. Bathymetric surveys show that Paiku Co has a mean and maximum water depth of 41.1 m and 72.8 m, respectively, and its water storage was estimated to be 109. 
Introduction
Lakes may respond sensitively to climate change in several aspects of hydrology, biology and sedimentology. Its volume (i.e. levels and areas) may be an important indicator of changes in the water balance between regional precipitation and evaporation, especially for closed lakes in semi-arid regions (Mason et al., 1994; Chen et al., 2017) . In cold regions, lake water balance may also be sensitive to cryospheric changes, including glaciers, permafrost and snow cover. Although lake level records are available for some lakes, in-situ measurements remain limited for most lakes, particularly in remote regions, where many closed lakes are located (Lei et al., 2017) . Remote sensing is an effective tool to monitor changes in lake area or level on a large scale (Crétaux et al., 2011; Sheng et al., 2016) . As more and more satellites are deployed, different kinds of satellite data can be used to depict lake dynamics at higher spatial and temporal resolution (Kleinherenbrink et al., 2015) .
The Tibetan Plateau (TP) contains the greatest concentration of high-altitude inland lakes in the world. Since the late 1990s, endorheic lakes in the interior TP have expanded and deepened dramatically, while those in the southern TP have shrunk considerably (Lei et al., 2014) , which is generally consistent with changes in regional precipitation and runoff (Yang et al., 2011 .
Although in-situ observations of lake hydrology in the TP are labor-intensive and expensive, these data are critical for quantifying lake water budget and distinguishing the contribution of different components to changes in lake level. Until now, in-situ investigations have only been conducted for a few lakes in the interior TP, e.g. Nam Co (Wang et al., 2009; Zhou et al., 2013; Wang et al., 2017) and Siling Co (Guo et al., 2016; Zhou et al., 2015) , which are expanding. In contrast, there have been no detailed in-situ investigations to lakes in the southern TP, where most closed lakes 4 are shrinking. This situation limits the understanding on the processes controlling lake hydrology and their response to climate change and cryosphere.
Paiku Co is an alpine lake in the the northern slope of central Himalayas on the southern TP, which has shrunk considerably since the 1970s (Phan et al., 2012; Dai et al., 2013; Nie et al., 2013) . In contrast, glacial lakes in this region have expanded rapidly in response to glacier retreat (Li et al., 2012; Song et al., 2017) . Glacier mass balance in this region (Kangwure Glacier) has been observed since 1992 Yao et al., 2012; Tian et al., 2014) . However, there is still a lack of integrated assessment on changes in water storage in the basin, including the terminal lake, glacial lakes and glaciers. Since 2013, we have carried out a series of in-situ observations associated with the lake's water budget, including lake level, precipitation, runoff, and water temperature profiles in the Paiku Co basin. In this study, we use part of these data to 1) investigate lake bathymetry and seasonal lake level changes, 2) reconstruct inter-annual changes in water level/storage between 1987 and 2016 and decadal changes since 1972, and 3) clarify the long-term climatic (including glacial melt) controls on lake shrinkage in the southern TP.
Study area
Paiku Co (85 o 35.12'E, 28 o 53.52'N, 4590 m a.s.l) is a large alpine lake in the southern TP, which was tectonically formed along Jilong-Dingri fault zone in the central Himalayas (Wünnemann et al., 2015) . The lake, with surface area of 270~280 km 2 and catchment area of 2376 km 2 (including the lake), is hydrologically closed with evaporation as the primary pathway of water loss. The lake 5 has salinity of about 1.7 g/L and pH of 9.0 (measured in 2015). There are tens of visible paleo-shorelines around Paiku Co with the highest shoreline ~80 m above the modern lake level, indicating that the lake has been shrinking since early Holocene (Wünnemann et al., 2015) . To the south of the lake, there are several high mountains reaching more than 7000 m a.s.l (Fig. 1) , including Xixiabangma Mt. (peak at 8012 m a.s.l.) to the southeast (Shi and Liu, 1964) . According to the second Chinese glacier inventory (Wei et al., 2014) , a total of 41 glaciers are distributed in the catchment in ~2010, covering a total area of ~123 km 2 . The terminus of modern glaciers is generally higher than ~5500 a.s.l . Approximately 11 glacial outflow lakes in the basin can be identified in Landsat images spanning 2012-2016, nine of which are close to or connected with glacial terminus (Fig. 1 ). Paiku Co is mainly supplied by three large rivers ( Fig. 1 Climate in Paiku Co basin is mainly influenced by the westerlies in winter (October and April) and Indian summer monsoon in summer (May and September), and thus is characterized by a relatively warm and wet summer and a cold and dry winter. According to rain gauge data collected between 2013 and 2016, seasonal and annual rainfall in the Paiku Co basin fluctuated significantly year to year. Generally, annual precipitation varied between 150~200 mm with snowfall in winter accounting for less than 10% of annual total. However, in unusual years, snowfall associated with the Indian monsoon precipitation (Tian et al., 2012) 
Methods

Lake bathymetry
Bathymetric survey of Paiku Co was mainly conducted over a three-day period in early June 2016.
Lake bathymetry was measured along more than 10 transects that were spatially distributed across the whole lake (Fig. 2) . Water depth was determined with a vertical accuracy of 0.1 m and horizontal accuracy of 3 m using a 500 watt duel frequency depth sounder interfaced with a Garmin GPSMAP 421S chart plotter. Latitude, longitude, and water depth were acquired at 5-second intervals along each bathymetric transect. A total of 8050 water depth data points were acquired. The lake boundary in May 2015 was used to calculate lake water storage. The lake's morphometry was established by interpolating water depth data to the whole lake using spatial analyst tools (Topo to Raster) in ArcGIS 9.2 and the lake volume was calculated according to the underwater topography and surface area (Qiao et al., 2017 ).
Lake level monitoring
In-situ observations of lake level changes were conducted using HOBO water level loggers (U20-001-01) that were installed at the littoral zone of Paiku Co (Fig. 1) . Three loggers were installed at the north, west and east of the lake in 2013/2014, respectively. Unfortunately, the loggers at the west and east of the lake were lost and only the logger at the north of the lake 7 continually recorded the lake level changes since May 2013. The logger data were downloaded twice a year (May and October). Because the water levels were recorded as changes in pressure (with an accuracy of 0.5 cm water level equivalent), air pressure data from a nearby land-based logger was subtracted from the lake level loggers to isolate pressure changes related to water column variations. Here we use daily lake level changes between 2013 and 2017 and the average lake area to calculate seasonal changes in lake storage at Paiku Co (Fig. 3) .
Investigation of lake shorelines and reconstruction of long-term lake level changes
In June 2016, we investigated the lake shoreline located to the southeast of the lake (Fig.1 ).
Visible past shorelines near the modern lake were observed during the fieldwork (Fig. 4a) . The location of all identifiable shorelines was determined using portable GPS (Garmin GPS 60) with an error of less than 3 m in horizontal and their height above the modern lake level was measured with a laser rangefinder. Combined with earlier satellite images taken from 1972 to present, lake level changes relative to the modern lake level (June 2016) were reconstructed (Fig. 4c) . A relationship between lake area and the relative lake level changes was established by using a two-order polynomial regression (Fig. 4d ).
Satellite images
Landsat images from May and October were used to study changes in lake area although there is a gap between the two dataset. The ICESat data used in this study was processed by Li et al (2014) and Cryosat-2 data was processed by Kleinherenbrink et al. (2015) .
Results
Lake bathymetry and water storage
Consistent with its tectonic origin, Paiku Co's bathymetry ( Fig. 2 ) is characterized by a steep littoral zone with rapidly increasing water depths, which reach more than 30 m within several hundred meters from the shoreline. In the southern part of the lake basin, where the main river estuaries are located, water depths increase gradually to more than 50 m from south to north. In the northern lake basin, the bottom is flat and the water depth is generally more than 60 m with a maximum depth of 72.8 m. The total water storage of Paiku Co is estimated to be 109.3×10 8 m 3
with an average water depth of 41.1 m. As a deep alpine lake, 53.8% of the lake water area is deeper than 40 m and water volume below 40 m accounts for about 22.0% of the total lake storage.
Compared with other large lakes on the TP, Paiku Co has similar maximum water depth with
Mapam Yumco and Zhari Namco , but its mean water depth is greater than the two lakes because of its steep shoreline.
Observed lake level seasonality
The observed lake level changes at Paiku Co exhibit a marked seasonal cycle for each of the years investigated (Fig. 3) . Catchment-scale hydrological processes in this high elevation region can thus be identified by the detailed lake level changes. The lake level trends below are for 2013 to 2017, unless otherwise noted.
Beginning after lake ice break-up in mid-April, Paiku Co's lake level decreased slowly until the onset of Indian summer monsoon in June. The mean rate of lake level decrease varied in a range of 1.1~1.5 mm per day (6~7 cm in total) between 15 April and 31 May. The slow rate of lake level decline in the spring is consistent with the modeling result of lake evaporation, which shows that lake evaporation is much lower in spring than that in autumn due to the large heat storage of lake water, especially for deep lakes (Haginoya et al., 2009; Lazhu et al., 2016) . However, it should be noted that lake level decrease in spring is influenced by the amount of snow melting in addition to 10 evaporation. For example, lake levels were almost stable in spring 2015 when winter snowfall was much greater than average (~90 mm vs ~10 mm). As a result, snowfall melt in spring compensated for water loss from lake evaporation, maintaining a relatively stable lake level.
Between early June and early September, lake levels increased significantly, corresponding to the occurrence of Indian summer monsoon precipitation. Lake levels started to increase significantly since early June, reaching their highest levels in mid-September. Lake levels increased at an average rate of 3.6~5.9 mm per day between June 1 and September 15 (37~58 cm in total), corresponding to lake storage increase of 1.0~1.6×10 6 m 3 per day. The extent of lake level increase during this period, however, depended on the duration and amount of monsoonal rainfall. In summer 2015, for example, the lake levels increased by 37 cm in total (3.6 mm per day) when monsoonal precipitation was the lowest (70~80 mm), while in summer 2016, lake levels increased by 58 cm in total (5.9 mm per day) when monsoonal precipitation was the greatest (~200 mm).
Notably, glacial meltwater from the high mountain areas peaks during the summer as temperature rises, thereby also contributing to summer lake level increase.
Lake levels remained high between early September and early October, with some fluctuations in early October. This fluctuation is mainly attributed to heavy snowfall events, which were observed during the fieldwork. For example, the lake level increased suddenly by 3~4 cm on Oct 14, 2014, due to a heavy snowfall in the catchment. Between September 20 and January 10, the lake level decreased rapidly at an average rate of 2.6~3.4 mm per day (30~38 cm in total), corresponding to reduction in lake storage by 0.7~0.9×10 6 m 3 per day. The rapid decreasing rates were mainly caused by high lake evaporation (Haginoya et al., 2009; Lazhu et al., 2016) and low water input during this period.
Lake levels were almost stable during the winter from mid-Jan to mid-April as ice cover largely Lake level seasonality in the TP has only been reported for a few lakes (Zhou et al., 2013; Lei et al., 2017) . Lei et al (2017) found that there are two patterns of the lake level seasonality in the TP.
Paiku Co exhibits similar lake seasonality with the two large lakes in the central TP, Nam Co and Zhari Namco, in both magnitude and pace. As for the decreasing rate between October and December, we compared Paiku Co with the lake level changes at Zhari Namco and found it varied between 2.5~3.0 mm /day, which is slightly less than that of Paiku Co. However, for the smaller lakes, Dawa Co and Bam Co, although there was a similar pattern of lake seasonality, the amplitude of seasonal lake level fluctuations was considerably smaller than that of Paiku Co.
Long-term changes in lake level and storage
Here we reconstructed lake level changes of Paiku Co based on in-situ investigations of past lake shoreline in combination with satellite images (e.g. Lei et al., 2014) . Lake level in 1972, 1988, 1994, 2001 and 2006 (Fig. 1) , which showed that the lake level decreased by 4.0 m from 1976 to 2010 (Lei et al., 2014) .
We further established the relationship between lake area and water level changes and reconstructed the intra-annual changes in lake level between 1987 and 2016. Fig. 4d shows that the relative lake levels at different periods were well correlated with the corresponding lake area (r 2 =0.99). The relationship between lake area and water level changes was developed by using a two-order polynomial regression rather than linear regression because the latter may lead to larger error for some lakes (Crétaux et al., 2016) . Using this equation, the intra-annual and inter-annual lake level changes between 1987 and 2016 were reconstructed according to the satellite-derived lake area.
Since most of the satellite images we used in this study were taken in May and Oct (Tab. 1), the reconstructed lake levels represent the lowest and highest lake levels for each year. Although there is slight difference, the highest and lowest lake levels decreased at a similar trend of 0.086 m per year on average between 1987 and 2016 (Fig. 5) 
Discussion on lake shrinkage of Paiku Co
As a hydrologically-closed alpine lake, changes in lake level at Paiku Co are mainly associated with glacier/snow runoff, precipitation on the lake surface, precipitation-induced runoff and lake evaporation. Lake evaporation and groundwater will be investigated using energy and water budget method in another study. Here we main demonstrate how precipitation and glacier runoff affected the lake shrinkage of Paiku Co during the past 45 years.
Evaluation of the reconstructed lake level changes
The error of the reconstructed lake level changes mainly comes from the identification of past shorelines, which are determined according to field GPS measurements and previous satellite images. The error of GPS measurements is small compared to the retreat of shorelines and 
Comparison with satellite altimetry data
To verify our results, we first compare the reconstructed lake level changes with satellite altimetry 14 data (Fig. 5) . Paiku Co's water level was monitored by both ICESat (2003 ICESat ( -2009 (Phan et al., 2012; Li et al., 2014) and Cryosat satellites (since 2011) (Kleinherenbrink et al., 2015) . Fig. 5b shows that although there are some differences between the reconstructed lake level and satellite altimetry, they exhibit very similar fluctuations on both seasonal and inter-annual time scales (Fig.   5b ). The reconstructed lake levels also match well with the observed lake level changes between 2013 and 2016 (Fig. 5b) .
Besides in-situ measurements and satellite observations, there are several other methods for reconstructing past lake level changes Meng et al., 2011; Lei et al., 2013) .
Song et al (2013) indicates that caution should be taken when extending the lake level fluctuation by using only short-term data.
Glaciers and glacial lake changes within the basin
Glacial melt in the basin is reflected by glacier mass balance observation and glacial lake dynamics. During the past 40 years, glaciers in the central Himalayas retreated and thinned rapidly Bolch et al., 2012) . According to the topography maps in the 1970s and the second Chinese glacier inventory in 2009 (Wei et al., 2014) , the total glacier area in Paiku Co 15 basin decreased from 130.2 km 2 to 119.9 km 2 during the past 40 years. Taking Kangwure Glacier as an example (Fig. 1) , Ma et al (2010) showed the significant decreases in glacier area (34%), thickness (7.5 m) and volume (48%) Of these nine lakes, three of them appeared after the 1990s (Lake 0#, 5# and 6#). The total area of glacial lakes in the Paiku Co watershed increased by 43.4% (or 4.5 km 2 ) from 1976 to 2015. Since glacial lakes and glaciers are connected, the glacial lake expansion largely depended on glacial retreat because the latter can leave space for glacial lakes to expand, yet result in no obvious lake level increase (Fig. 6 ). In turn, the appearance of glacial lakes could lead to the acceleration of glacier retreat by transmitting thermal energy (e.g. lake 6#) (Song et al., 2017) . When glaciers retreated to higher elevation and were no longer connected with glacial lake, the latter will become stable (e.g. lake 4#).
The contrasting pattern between the glacial lakes and Paiku Co indicates that there are different factors that influence lake storage changes. For glacial lakes, its expansion mainly depended on the rapid glacier retreat. At first, the appearance of glacial lake will accelerate the glacial melting.
Under this condition, glacier retreated rapidly and the glacial lake expanded rapidly. When the glacier retreated to higher elevation and is no longer connected with glacial lake, the latter will keep relatively stable. However, the water supply for Paiku Co is more complicated, including not only glacial meltwater, but also precipitation and the associated runoff in non-glaciated area. The continual water deficit of Paiku Co indicates that although there was an increase in glacial runoff during the past 45 years, it was not sufficient to offset the water deficit caused by other climate factors.
Precipitation changes in the central Himalayas
Changes The annual net water equivalent accumulation from the Dasuopu ice core was about 890 mm/yr on average between 1970 and 1996. This value is 3 to 4 times higher than the rain gauge data in Paiku Co basin (150-200 mm), which indicates that precipitation at high elevation may play an important role in river runoff. Although the whole study period is not covered, the net accumulation from the two ice cores showed a marked decreasing trend between 1970 and 1996 (Fig. 7) . Ice core accumulation at Mount Everest region and precipitation in Nyalam County exhibits similar inter-annual variability, especially the abrupt decrease in ~the early 1990s (Fig. 7) .
Precipitation in Nyalam County covers the whole study period and a pronounced decreasing trend can be observed between 1970 and 2016, although the decreasing trend is smaller than that of Dasuopu ice core. Notably, precipitation in Tingri County did not exhibit noticeable trend, indicating a significant spatial difference in this area. Therefore, the significant decrease in precipitation and the associated runoff may contribute significantly to the shrinkage of Paiku Co during the past 40 years. It should be noted that lake evaporation at Paiku Co is not determined in this study, its contribution to lake shrinkage will be evaluated in further study.
Many studies have shown that closed lakes in the northern slope of Himalayas have decreased in areal extent and water level in recent decades (e.g. Bian et al., 2009; Phan et al., 2012; Nie et al., 2013; Lei et al., 2014; Biskop et al., 2016) . Therefore, Paiku Co can be considered as a case study of the lake shrinkage in this region. To illustrate the causes of closed lake shrinkage in the Himalaya region, GPCP gridded precipitation dataset on large scale is analyzed. Fig. 8 shows the trend of GPCP precipitation in Himalaya region and its surroundings. One can find that there was a significant decrease in precipitation in Nepal Himalaya and north Indian, in addition to the northern slope of the Himalayas. Lake shrinkage in the northern slope of Himalayas may be only part of the large-scale climate drought, which is further connected with a decrease in monsoon precipitation in south Asia (Wang et al., 2012) . Besides GPCP precipitation data, this recent drought in Himalaya region was also revealed by many studies (e.g. Thompson et al., 2000; Duan et al., 2006; Panthi et al., 2017) . The spatial patterns of changes in precipitation were consistent with lake dynamics between the Himalayas and the interior TP (Lei et al., 2014) . This result also indicates that the water level change at Paiku Co is not only a good indicator of climate drying in the central Himalayas, but also reflects large-scale changes in monsoon precipitation in south Asia (Thompson et al., 2000; Duan et al., 2006) .
Long-term changes of adjacent lakes
The combined effect of long-term changes in precipitation, precipitation-induced runoff and evaporation on lake water budget can be reflected by adjacent lake dynamics with little glacial melt supply. Lake Cuojielong, with an area of 11.5 km 2 in 2016, is located about 15 km to northwest of Paiku Co (Fig. 1) . The lake is mainly supplied by precipitation and precipitation-induced runoff, and there is only a small glacier (~0.5 km 2 ) in the catchment. Like
Paiku Co, Lake Cuojielong shows considerable lake shrinkage between 1972 and 2015 (Fig. 9 ).
Since there is almost no glacial melt supply, Lake Cuojielong's shrinkage further confirms that the continual water deficit was caused by regional decrease in precipitation and precipitation-induced The different process of lake dynamics between Lake Cuojielong and Lake Langqiang Co may be attributed to a greater contribution of glacial melt to the latter as well as subsurface runoff given its proximity to the Pengqu River. Field investigation of the lake indicates that lake water could overflow through a trail along the lake's south shore when the lake level is over a certain height in summer season.
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Conclusions
To fully understand the lake water budget at Paiku Co, an alpine lake in the central Himalayas, we carried out comprehensive observation since 2013, including lake bathymetry, lake level, precipitation, runoff and evaporation. In this study, we mainly investigate lake bathymetry and 
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Tab. 1 A general description of the satellite images used in this study. ). Lake number is denoted in Fig. 1 (the lower left) . The left: Three water depth profiles. 2016, 2006, 2001, 1994, 1988, and 1972 , from the modern lake shore; d) Two-order polynomial regression between lake area and lake level changes. . Lake number is denoted in Fig. 1 (right 
